The spatial genetic structure of a plant population provides a potential record of past gene¯ow and mating. We used hierarchical F-statistics and spatial autocorrelation to characterize spatial genetic dierentiation of allozymes in adult Delphinium nuttallianum plants within and among six natural populations separated from one another by up to 3 km. Previous direct estimates suggested that genē ow is highly localized, averaging< <10 m. Earlier studies of seed-set, pollen-tube growth and progeny ®tness suggested that partial reproductive isolation exists between plants growing too close together (<3 m) and too far apart (>100 m). Thus we anticipated substantial genetic dierentiation on scales of a few to hundreds of metres. However, we detected little dierentiation among the six populations, among replicate study plots within populations, or among subsections of study plots, except at the smallest scale of cm to m. These results suggest that relatively rare long-distance pollen movement has gone undetected and that postpollination selection may further modify genetic structure during the life cycle. Lack of dierentiation is not at odds with the observation of partial reproductive isolation, because some loci may respond to spatial variation in selection without this response being evident at marker loci.
Introduction
Patterns of mating and seed dispersal determine the initial spatial distribution of genotypes within and among plant populations (Wright, 1946 (Wright, , 1951 Crawford, 1984; Waller, 1993) . It follows that spatial genetic structure may provide clues to past events of dispersal and mating, and this logic has engendered two well-recognized indirect methods for inferring gene dispersal, F-statistics (Wright, 1951; Weir & Cockerham, 1984) and spatial autocorrelation (Sokal & Oden, 1978) . Although patterns of pollen and seed dispersal are broadly correlated with plant genetic structure (Hamrick & Godt, 1990) , direct and indirect estimates of gene¯ow often disagree (e.g. Levin, 1981; Heywood, 1991; Slatkin, 1994; Williams, 1994; Berg & Hamrick, 1995) . Such deviations from expectations based on the dispersal of neutral alleles provide insight into the myriad of forces that can in¯uence genetic structure, including selection, genetic drift, inbreeding depression, and other postpollination events; furthermore they suggest fruitful avenues for additional research.
The larkspur Delphinium nuttallianum provides an example of the disagreement between direct and indirect estimates of gene¯ow. Pollinators appear to move most pollen< <10 m within populations of this species, leading to a prediction of genetic dierentiation over distances of a few m to hundreds of m (Waser, 1987 (Waser, , 1988 . Furthermore, reproductive success of plants, and longterm ®tness of resulting ospring, are greatest following crosses over an intermediate distance, and decline both in crosses between neighbours and between plants tens to hundreds of m apart (Price & Waser, 1979; Waser & Price, 1991 . Such spatially structured partial crossing barriers (or inbreeding and`outbreeding' depression) independently suggest local genetic dierentiation. However, an initial survey of allozymes detected little spatial genetic structure over distances up to »200 m (Waser, 1987) .
In this paper we report on a more thorough study of genetic dierentiation within and among six natural populations separated by 750±3250 m. We conclude, as did Waser (1987) that dierentiation is minimal. We discuss some possible reasons for the discrepancy between direct and indirect estimates of gene¯ow, and point out why the lack of genetic structure does not necessarily contradict observations of inbreeding and outbreeding depression.
Methods

Natural history
Nuttall's larkspur, Delphinium nuttallianum Pritzel (Ranunculaceae) ( D. nelsonii Greene), is a small herbaceous perennial common in dry subalpine meadows in the western USA. Plants¯ower from mid-May to early July near the Rocky Mountain Biological Laboratory (RMBL) in Colorado, at c. 2900 m elevation, typically producing 2±15 blue, zygomorphic, protandrous¯owers in a single raceme. Plants do not reproduce vegetatively and there is virtually no dormant soil seed bank. Reproductive maturity is reached in 3± 7 years or more (Waser & Price, 1994) . The principal pollinators are broad-tailed hummingbirds (Selasphorus platycercus) and queen bumblebees (primarily Bombus appositus and B.¯avifrons).
Population sampling
We sampled two populations in 1991 and 1992 and four more in 1995. Five of the six populations lie in the same East River Valley and span an approximate north±south transect 3250 m long (Fig. 1) . The sixth population lies 1000 m up the tributary Copper Creek Valley. In each population we sampled two (in one case three) plots »100 m apart. Each plot was further subdivided into four subplots. With this design we were able to examine genetic dierentiation on scales ranging from c. 1000 m (among populations) to »100 m (among replicate plots within populations) to »10 m (among subplots within plots) to < <10 m (individuals within mapped plots, see below).
The details are as follows. In 1991 we sampled two populations separated by 1500 m, hereafter Judd Falls (JF) and Kettle Pond (KP). In each population, two 20´40 m plots separated by 100 m (hereafter JF A and B; KP A and B) were gridded into 32 quadrats each of 5´5 m (Fig. 1 inset) . We intensively sampled the central 10´10 m area of each plot, comprising four 5´5 m quadrats, by collecting leaf material from 165 to 200¯owering adults whose locations were mapped (two individuals m ±2 when present). When present, ®ve adults were also sampled and mapped within each of the 28 surrounding quadrats (Fig. 1 inset, unshaded quadrats). Densities of adults were (Soltis et al., 1983) . Staining schedules followed Marty et al. (1984) . We consistently resolved four enzyme systems coding for ®ve polymorphic loci. In AC gels we scored two dimeric isozymes of malate dehydrogenase (Mdh-1 and Mdh-2), one dimeric isozyme of phosphoglucoisomerase (Pgi-2), and one monomeric isozyme of phosphoglucomutase (Pgm-1). In S6 gels we scored phosphoglucomutase (Pgm-1), and monomeric triose-phosphate isomerase (Tpi-3). Mdh-1 had two allozymes, Mdh-2 had six allozymes, Pgi-2 had eight allozymes, Pgm-1 had three allozymes and Tpi-3 had three allozymes. Alleles at all loci segregated in expected Mendelian diploid fashion in progeny arrays. In no case were there more than three common alleles per locus; for analysis we pooled rare alleles with the least common of these`major' alleles.
Analyses
F-statistics We calculated single-locus and multilocus estimates of F-statistics (Weir & Cockerham, 1984; Williams & Guries, 1994) . Single-locus estimates were tested for deviation from Hardy±Weinberg expectations using the methods of Li & Horvitz (1953) for F Ã IT and F Ã IS and Workman & Niswander (1970) for ĥ. 95% con®dence intervals for multilocus F-statistics were calculated as 1.96 times the standard errors obtained by jackkni®ng over loci. We carried out three dierent analyses. First, we estimated hierarchical F-statistics for all six populations. In this analysis each population contained two plots (three for KP), and each plot contained four subplots. The two 20´40 m plots within each 1991 population were divided into four 10´20 m subplots, each of which included one 5´5 m section of the central intensively sampled area ( Fig. 1 inset, shaded area). The additional KP C plot was divided into four subplots based on natural patches of plants. The two plots ( transects) in each of the four 1995 populations were divided into four subplots at »5 m intervals. We estimated genetic variance among individuals in the total sample (F IT ), ®xation within subplots (F IS ), and dierentiation among subplots within plots (h SUB ), among plots within populations (h PLOT ), and among populations within the total sample (h POP ). Secondly, we estimated these same hierarchical F-statistics for the 1991 JF and KP populations alone, to con®rm that these intensively sampled populations yielded a pattern similar to that for all populations. Thirdly, to examine ®ner-scale patterns we estimated hierarchical F-statistics separately within each of the four 1991 plots. We divided each 20´40 m plot into eight 10´10 m subplots ( Fig. 1, inset) . We estimated dierentiation among 10´10 m small subplots nested within 10´20 m medium subplots (h SMALL ), among 102 0 m medium subplots within 20´20 m large subplots (h MEDIUM ) and between the 20´20 m large subplots within the total 20´40 m plot (h LARGE ).
Genetic distances To examine further the relationship between geographical distance and genetic dierentiation we calculated Edwards's (1971) pairwise genetic distances between plots for all polymorphic loci and performed cluster analysis on genetic distances using the UPGMA UPGMA method in the BIOSYS BIOSYS-1 computer program (Swoord & Selander, 1981) .
Spatial autocorrelation We used spatial autocorrelation (Sokal & Oden, 1978) to examine genetic variation at the smallest scales (a few cm to m). Spatial autocorrelations were calculated between individually mapped plants in each of the four 1991 plots using a program provided by J. S. Heywood. For each locus we calculated the autocorrelation coecient, Moran's I, for nearest neighbour pairs of individuals and all pairs of individuals in 1 m distance intervals. For diallelic loci, autocorrelations were calculated for only the most common allele. For multiallelic loci, autocorrelations were calculated for each allele separately. Alleles present at frequencies less than 0.01 were lumped with the least common allele present at a frequency ³0.01. We constructed consensus correlograms for each plot by averaging the single-locus estimates in 1 m distance classes over the interval 0±20 m. To maintain statistical independence when averaging single-allele estimates, we dropped the least common allele at each locus. The null hypothesis that Moran's I did not dier from the mean correlation among all individuals in the population was tested using the standard normal deviate (SND [I ± l]/r), under the assumption that samples are drawn at random from a normal distribution (Sokal & Oden, 1978) . Singleallele values of |SND| ³ 1.96 indicate that I diers signi®cantly from the random expectation at P £ 0.05 (two-tailed).
Results
Large-scale differentiation within and among populations
Hierarchical F-statistics Single-and multilocus estimates were of small magnitude, with few single-locus estimates of h signi®cantly dierent from zero. Single-locus estimates were generally concordant, and where they were not (ĥ SUB in all populations, ĥ PLOT and ĥ POP in 1991 populations), then multilocus estimates were not signi®cant (Table 1) . Genetic dierentiation did not increase with greater geographical distance among subdivisions. Dierentiation among subplots (ĥ SUB ) 5±20 m apart was not signi®cantly dierent from that among populations (ĥ POP ) several km apart. Analyses of 1991 populations alone agreed with that of all six populations; in both cases overall genetic variance among individuals (F IT ) was mostly determined by ®xation within subpopulations (F IS ), i.e. on a spatial scale of <10 m (Table 1) .
Genetic distances Pairwise Edwards's genetic distances between the 13 plots ranged from »0.05±0.15, once again indicating only modest genetic dierentiation. In three cases (KP, JF and 401), plots within the same population clustered together, but in the other three cases clustering was between plots from nonadjacent populations (not shown). Thus a strong and consistent relationship between genetic distance and physical separation was not apparent.
Small-scale differentiation within plots
Hierarchical F-statistics within 20´40 m plots The four 1991 JF and KP plots showed dierentiation within plots and subplots similar to that at larger (Li & Horvitz, 1953; Workman & Niswander, 1970) are indicated by asterisks (v 2 , * P < 0.05, ** P < 0.01, *** P < 0.001). 95% con®dence intervals (CI) for multilocus estimates are shown below them. spatial scales, i.e. F IS was the major contributor to F IT in each plot (Table 2) . Concordance among singlelocus F-statistics within each plot was not as consistent as in the larger-scale analyses and few single-locus estimates were signi®cant (Tables 1 and 2 ). Multilocus estimates of genetic dierentiation at all hierarchical levels were small, and signi®cant only at small or medium spatial scales (Table 2) . In all but KP B the greatest dierentiation occurred among the smallest subplots. In KP B more genetic variance occurred between the largest subplots, but this estimate was not signi®cantly dierent from zero. Once again, therefore, most genetic dierentiation appeared to be organized at a scale <10´10 m. We also detected dierences in structure among plots ( Table 2 ). The two KP plots had ®xation indices within 10´10 m subplots approximately twice as large as those in the JF plots, and somewhat higher levels of dierentiation among small subplots than the JF plots.
Spatial autocorrelation within 20´40 m plots Of 37 nearest-neighbour autocorrelation coecients, Moran's I NN , from individual alleles in the 1991 JF and KP plots, 23 were positive and 14 negative (Table 2) . Nine positive values were individually signi®cant at P < 0.05. Several signi®cant positive values belonged to rare alleles, suggesting that such alleles tend to be clumped at this scale. The signi®cant positive autocorrelations were concentrated in the KP B plot. Whereas the mean values of I NN across alleles were very small or negative for both JF plots and for KP A, the mean for KP B was 0.155, indicating the strongest local kinship structure in that plot (Table 2) . A similar story is told by consensus correlograms for distance classes out to 20 m (Fig. 2) . The shortest distance class in correlograms includes all joins between plants separated by up to 1 m, including nearest neighbours. On average, values of I were weakly positive for this distance class in JF A and KP A plots and weakly negative in JF B. In contrast, I at the shortest distance class in KP B was positive and approximately ®ve times as large as any of the other values. Average values of I remained positive at KP B to the third distance class (2.01±3 m), unlike the case at other sites. Finally, the numbers of single-allele estimates that diered signi®cantly from random in each distance class also varied among plots (Table 3) . Most of the signi®cant positive single-allele estimates were in the KP plots in the ®rst 5±6 m. Few signi®cant values were found beyond 10 m, and hence Table 3 omits these longer distances. The KP B plot had six of seven alleles with signi®cant I in the 0±1 m distance class. This again suggests that KP B had more local genetic structure than the other plots.
Discussion
We anticipated substantial genetic dierentiation within and among populations of D. nuttallianum, because direct estimates indicated that gene dispersal is limited. Seed dispersal is predominantly passive, averaging »10 cm (Waser & Price, 1983) . Median distances¯own by hummingbird and bumble bee pollinators between successive¯owers are £1 m, matching median dispersal of¯uorescent dye particles, whereas pollen is transported 1.5±1.8 times further than dye (Waser, 1988) . From this information, and applying a correction for inbreeding and outbreeding depression in seed-set, Waser (1988) arrived at » 85 plants in an area of 17 m 2 for the genetic neighbourhood. With such small neighbourhoods one expects isolation by distance within continuous populations for neutral alleles (Wright, 1946; Crawford, 1984; Heywood, 1991) , whereas at larger spatial scales random genetic drift and/or spatially heterogeneous selection should produce variation among population subdivisions (Wright, 1951; Cockerham & Weir, 1993; Slatkin, 1994) . However, Waser (1987) reported only minor genetic dierentiation among putative genetic neighbourhoods. The more thorough investigation described here reaches the same conclusion. We detected only small amounts of genetic dierentiation within and among populations. Our estimates of »0.005±0.05 for F-statistics, and £0.1 for Moran's I between nearneighbours are at the low end of the range of estimates reported for widely dispersed species with predominantly outcrossing mating systems (Hamrick & Godt, 1990; Heywood, 1991; Williams, 1994) . Furthermore, genetic dierentiation was not consistently related to physical separation, as predicted by isolation-by-distance or stepping-stone models of population structure (Wright, 1946; Kimura & Weiss, 1964) . How can we explain this discrepancy between direct estimates of restricted genē ow, and lack of strong detectable genetic structure? One simple possibility is that actual gene¯ow exceeds our direct estimates, as do actual neighbourhood sizes. This possibility is in accord with the results from other outcrossing species, in which gene¯ow appears sucient to limit the isolation-by-distance process severely (Heywood, 1991; Williams, 1994; Berg & Hamrick, 1995) . We suspect that our earlier studies of D. nuttallianum failed to detect relatively rare long-distance pollinator¯ights (Levin, 1981; Ellstrand et al., 1989; Broyles et al., 1994) . An experiment by Schulke (1999) hints at the possible eect of such¯ights on neighbourhood size within continuous populations, and on the likelihood of movement among disjunct populations such as those we sampled at the largest spatial scale. Schulke recorded high and consistent levels of pollen receipt and seed-set in arrays of potted D. nuttallianum plants with emasculated ¯owers that were placed up to 400 m from the nearest natural population. He also found that »5% of all pollinator¯ights moved beyond the range of an observer, and showed how estimates of genetic neighbourhood size would rapidly rise into the thousands if some of thesē ights were as long as several hundred m. Despite meagre genetic dierentiation at larger spatial scales, we did ®nd signi®cant genetic structure at the smallest scales of cm to m, although the pattern varied among plots and to a lesser degree among loci. We interpret this as a result of kinship in the seed crops of individual plants. Progeny within seed crops are related minimally as maternal half-sibs. Because most seeds germinate directly under the maternal parent (Waser & Price, 1983) , we anticipate transient local kin structure that is regenerated during every episode of seedling recruitment. Such structure is predicted even if gene dispersal through pollen is substantial (Van Dijk, 1987) , and has been demonstrated for maternally inherited genes in other species (e.g. McCauley, 1997; Latta et al., 1998) . The variation in ®ne-scale genetic structure among our replicate plots may also help explain dierences in the magnitude of inbreeding depression estimated in hand-pollination experiments conducted with D. nuttallianum at dierent times and localities (Price & Waser, 1979; Waser & Price, 1983 , 1991 .
It is also important to recognize that processes occurring after pollination can modify the patterns established by patterns of mating and gene¯ow. For example, the success of pollen tubes in growing to the ovary and the ®nal production of seeds both vary with the distance between the two parental D. nuttallianum plants (Waser & Price, 1991) . The direct estimate of neighbourhood size described above does incorporate these eects, but not the possible eect of mixing pollen from several donors on the same stigma, as often occurs in nature (e.g. Rigney, 1995; Mitchell & Marshall, 1998) . Pollen arriving from longer distances might gain a stronger advantage in mixtures, thus elevating eective pollen dispersal (Rigney, 1995) . Postfertilization selection might further modify the ®nal realized genetic structure measured in adults (Clegg et al., 1978) . Such selection might arise from inbreeding depression (and heterosis) or outbreeding depression, with genome-wide eects on genotypic arrays, or it might act on marker alleles directly. In the latter regard, our single-locus results do not indicate any strong selection on marker loci: although we detected heterogeneity among singlelocus estimates, no locus was consistently dierent from the others in its pattern of variation across replicate plots, as expected with single-locus selection. Whatever the mechanism, selection between seed maturation and sexual maturity is expected to alter the genetic structure present in the seed crop (Eguiarte et al., 1992 See text for a description of population subdivisions and sampling design. When two alleles are present at a locus only the results for the common allele are given in the table. If >2 alleles are present the allele frequency and autocorrelation results for each allele are presented separately. The least common allele, indicated by a , was dropped from subsequent calculations of average near-neighbour autocorrelation coecients. Single-locus F-statistics signi®cantly dierent from Hardy±Weinberg expectations are indicated by asterisks (v 2 , * P < 0.05, ** P < 0.01, *** P < 0.001). Single-allele autocorrelation coecients signi®cantly dierent from random expectations at P < 0.05 are indicated by an asterisk. Stanton et al., 1997) . Alternatively, genetic structure might decay over the life cycle because of sampling artifacts (Alvarez- Buylla et al., 1996) . In the future we intend to explore these possibilities using a genetic demography approach. Finally, it may appear that there is another discrepancy to explain in the D. nuttallianum system: that between the existence of outbreeding depression and the lack of strong spatial genetic structure among populations. However, a lack of detectable structure at neutral or nearly neutral markers, as we have argued our electrophoretic markers to be, in no way implies lack of structure at all loci. Local adaptation may evolve over a wide range of spatial scales (reviewed in Stanton & Galen, 1997) . Loci conferring adaptation to local edaphic and biotic conditions, for example, may show strong spatial dierentiation despite little genetic structure at neutral loci, because the amount of gene¯ow necessary to counteract directional selection is far greater than that needed to counteract random genetic drift (Wright, 1932; May et al., 1975) . Neutral markers can hitchhike on selected loci, but only with tight physical linkage or large selection coecients (Clegg, 1984) , and so are unlikely to mirror structure at loci under spatially varying selection (but see Tonsor et al., 1993) . In fact, a reciprocal seed transplantation experiment with D. nuttallianum did demonstrate substantial local adaptation, and by inference genetic dierentiation, over a scale of 50 m (Waser & Price, 1985) . Disruption of such local adaptation oers an explanation for our observations of outbreeding depression in this species, in spite of near-panmixia at marker loci. Fig. 2 Consensus correlograms of Moran's I in 1 m distance intervals averaged over alleles at the four plots of Delphinium nuttallianum sampled in 1991. The least common allele at each locus was dropped before computing averages. Signi®cance tests of singleallele estimates used to calculate averages are in Table 3 . Table 3 Number of single-allele autocorrelation coecients signi®cantly dierent from random (P < 0.05) in four Delphinium nuttallianum plots sampled in 1991 The least common allele at each locus was dropped before calculating the average autocorrelation coecients in each distance class (Fig. 2) . Therefore only the number of signi®cant single-allele estimates out of the N alleles used to calculate the average autocorrelation coecients are counted in the table. Negative numbers indicate signi®cant negative coecients.
